Abstract: This study attempted to determine short-term responses to drought and salt stress in different Silene vulgaris genotypes and to identify potential abiotic stress biochemical indicators in this species. Four populations from contrasting habitats were subjected to drought and three levels of salinity under controlled greenhouse conditions. The determination of several growth parameters after the stress treatments allowed for ranking the tolerance to stress of the four analyzed populations on the basis of their relative degree of stress-induced growth inhibition. This was then correlated with changes in the leaf levels of monovalent ions (Na + , Cl − , and K + ), photosynthetic pigments (chlorophylls a and b, carotenoids), osmolytes (total soluble sugars, proline), and non-enzymatic antioxidants (total phenolic compounds and flavonoids). Despite the observed differences, all four populations appeared to be relatively tolerant to both stress conditions, which in general did not cause a significant degradation of photosynthetic pigments and did not generate oxidative stress in the plants. Drought and salinity tolerance in S. vulgaris was mostly dependent on the use of Na + and K + for osmotic adjustment under stress, a mechanism that appeared to be constitutive, and not stress-induced, since relatively high concentrations of these cations (without reaching toxic levels) were also present in the leaves of control plants. The inhibition of additional transportation of toxic ions to the leaves, in response to increasing external salinity, seemed to be a relevant mechanism of tolerance, specifically to salt stress, whereas accumulation of soluble sugars under drought conditions may have contributed to tolerance to drought.
Introduction
Abiotic stresses are known to reduce plants´vegetative growth and reproductive success by decreasing the energy generated from photosynthesis and diverting resources and metabolic precursors from primary metabolism and biomass accumulation toward activation of the stress response mechanism [1] . These stresses include cold, heat, and alkalinity, among others: However, tolerance in Silene populations would be dependent on the efficiency of the mechanisms activated to maintain cellular osmotic balance and to alleviate oxidative stress under the applied stress treatments. Furthermore, we expected to correlate differences in tolerance level with the populations' geographical distributions and the ecological characteristics of their natural habitats. The main aim of the work was meant to identify salt and drought stress biochemical markers in S. vulgaris associated with the most relevant mechanisms of stress tolerance in this species, which would facilitate the selection of tolerant genotypes. For this, we measured the contents of several metabolites associated with specific stress responses, such as monovalent ions, proline and total soluble sugars (as putative osmolytes involved in osmotic adjustment), malondialdehyde (MDA, a reliable marker of oxidative stress), and total phenolic compounds and flavonoids (as examples of relevant non-enzymatic antioxidants), in leaves of the stressed plants and the corresponding controls.
Materials and Methods

Plant Material and Stress Treatments
In this study, we applied drought and salt stress treatments to plants of four different populations of S. vulgaris. The first population (Mog.) came from a calcareous mountain area in Mogente (Province of Valencia, Spain); the second (Ref. ES) came from the Botanical Garden of Valencia (Spain); the third (Serp.) was obtained from a population growing on serpentine soils contaminated with heavy metals, such as nickel (Ni), iron (Fe), cobalt (Co), and chromium (Cr) (near the village of Wiry, in Lower Silesia, southwestern Poland); and the fourth (Ref. PL) was from a nutrient-poor, semi-dry, but not heavy-metal polluted grassland located close to the previous population. The source habitats of the investigated populations differ in terms of their climatic conditions (Table 1) . Seeds from the four populations were sown separately in 1 L pots (Ø = 11 cm) filled with a mixture of peat (50%), perlite (25%), and vermiculite (25%), and were placed in plastic trays (8 pots per tray). Five weeks after sowing, the stress treatments were initiated, with eight biological replicas (plantlets) per population, and were prolonged for 5 additional weeks. The substrate was kept moderately moist, using Hoagland and Arnon's nutrient solution [50] . The plants were grown in the greenhouse of the Institute for Plant Molecular and Cellular Biology (IBMCP), Valencia, Spain, under the following controlled conditions: Long-day photoperiod (16 h of light), temperature (23 • C during the day and 17 • C at night). Humidity ranged between 50% and 80% during the course of the treatments. Drought and salt stress were investigated in parallel. Control plants were watered twice per week for 5 weeks by adding 1.5 L of the nutrient solution to each tray containing 8 pots. Salt stress was applied by watering the plants in the same way but using solutions supplemented with NaCl to final concentrations of 150 or 300 mM. A gradual increase of the salt concentration was not tested, and no supplementary calcium was added in the growth solution with NaCl. Water stress treatments were performed by withholding Sustainability 2019, 11, 800 4 of 23 irrigation of the pots for 5 weeks: After this period, the water content of the pot substrates dropped below 5%, as shown by direct measurements with a WET-2 sensor (Delta-T Devices, Cambridge, UK).
Growth Parameters
The relative stress-induced inhibition of vegetative growth was estimated by comparing a number of growth parameters between the control and the stressed plants, per each population, after 5 weeks of treatment: Stem length (SL, cm), leaf fresh weight (FW, g), dry weight (DW, g), and water content percentage (WC%). Total leaf fresh weight (FW) and dry weight (DW) was measured for each plant. DW was obtain by drying samples at 65 • 
Monovalent Ion Content
Leaf contents of sodium, chloride, and potassium ions were measured in water solution (0.1 g of dried material in 15 mL of water) by heating in a water bath for 1 h at 95 • C and then filtrated through 0.45 µm nylon filter [51] . Cations were quantified with a PFP7 flame photometer (Jenway Inc., Burlington, VT, USA), and Cl − was determined using a Merck Spectroquant Nova 60 spectrophotometer and its associated test kit (Merck, Darmstadt, Germany).
Photosynthetic Pigments
Chlorophylls a and b (chl a and chl b) and total carotenoids (Caro) were determined as described by Lichtenthaler and Wellburn [52] . Fresh leaf material (100 mg) was extracted with 10 mL of ice-cold 80% (v/v) acetone and shaken overnight. Samples were centrifuged for 10 min at 12,000 rpm, and the absorbance was measured at 663, 646, and 470 nm. Chlorophylls and carotenoid concentrations were calculated using the equations described by Lichtenthaler and Wellburn [52] :
Chlorophyll a (chl a; µg·mL −1 ) = 12. 
The calculated values were finally converted to mg·g −1 DW.
Lipid Peroxidation and Non-Enzymatic Antioxidants
Malondialdehyde (MDA) was determined as reported by Hodges et al. [53] , except that the plant extracts were prepared from dried leaf material in 80% methanol (instead of ethanol) [54] . Methanol extracts were mixed with 0.5% thiobarbituric acid (TBA) prepared in 20% trichloroacetic acid (TCA)-or with 20% TCA without TBA for the controls-and then incubated at 95 • C for 15 min. The sample was centrifuged, and the supernatant's absorbance was measured at 532 nm. The nonspecific absorbance at 600 and 440 was retracted, and MDA level was calculated with the equations described by Hodges et al. [53] , and expressed as nmol g −1 DW.
Total phenolic compounds (TPCs) were quantified according to Blainski et al. [55] by measuring the absorbance of the methanol extracts at 765 nm after reacting with the Folin-Ciocalteu reagent: results were expressed in equivalents of gallic acid used as a standard (mg equiv GA g −1 DW). Total flavonoids (TFs) were determined according to the protocol described by Zhisen et al. [56] , based on reaction of the methanol extracts with NaNO2 followed by AlCl3 at a basic pH. Absorbance of the samples was measured at 510 nm using catechin as a standard. This procedure also detects other phenolics containing a catechol group, but to simplify, in the text we refer to the AlCl3-reactive Sustainability 2019, 11, 800 5 of 23 compounds as "total flavonoids" and express their contents in 'equivalents of catechin' (mg equiv C g −1 DW).
Proline Determination
Free proline (Pro) content was determined according to the ninhydrin-acetic acid method described by Bates et al. [57] . Leaf samples was extracted in 3% aqueous sulfosalicylic acid and mixed with acid ninhydrin solution. The samples were incubated in a boiling water bath for 1 h at 95 • C. After stopping the reaction on ice, Pro was extracted with toluene. The absorbance of the supernatant was read at 520 nm and Pro amounts was expressed as µmol g −1 DW.
Total Soluble Sugars Quantification
Total soluble sugars (TSSes) were quantified according to the method described by Dubois et al. [58] . Dry leaf material was mixed with 80% methanol on orbital shaker overnight: 100 µL of the extract was mixed with 0.5 mL of 5% phenol and 2.5 mL of concentrated sulfuric acid before absorbance reading were taken at 490 nm. TSS contents were expressed as "mg equivalent of glucose" per gram of DW.
Statistical Analyses
The experimental setup was based on a completely randomized design (CRD). Experimental data was analyzing using. The program Statgraphics Centurion v. 16 . Before the analysis of variance, the validity of normality assumption was checked by the Shapiro-Wilk test and the homogeneity of variance using the Levene test. If the ANOVA requirements were met, the significance of the differences among salt treatments was tested by one-way ANOVA at a 95% confidence level and posthoc comparison were made using tthe Tukey HSD. All mean values mentioned throughout the text include the standard deviation (SD).
In addition, all measured parameters in plants treated with three levels of NaCl and water stress were correlated using principal component analysis (PCA), separately for all variables related to growth parameters on the one side and those related to biochemical parameters on the other. The Barletta test was used to verify which populations in dependent variables were significantly different. The Kaiser-Meyer-Olkin (KMO) coefficient is a measure of how suited biochemical parameters are for multivariate analysis. The KMO coefficient (a test for sampling adequacy) explained the intercorrelation among variables and was appropriate for subjecting all variables to multivariate analysis (0.563). Principal component analysis showed the presence of two main gradients of biochemical indicators variables (p < 0.01). The positions of the vectors of independent variables were proportional to the loading factors. The multivariate analysis was carried out with PQ Stat version 1.6.6.
Canonical variate analysis (CVA) was employed to explain the relative importance of particular explanatory variables and to underline differences between populations. The results of the CVA discriminated the total (overall) assemblage structure and the relationships between physiological and biochemical parameters. Finally, the pattern of the independent variables for drought and salinity are shown in a plot. Multivariate analysis of variation (MANOVA) was applied, because the groups of variables were independent.
The multiple regression model included all parameters and all treatment combinations in order to verify the differences between populations. Verification of the assumptions was performed using a coefficient of determination (R 2 ) to compare the variables in populations.
The canonical variate analysis and regression model were computed using the statistical software PAST, version 3.2. 
Results
Growth Parameters
In all studied S. vulgaris populations, salt stress caused a reduction of the stem length compared to the corresponding control plants. However, in population 2 (Ref. ES), a significant reduction was observed only under the highest applied salt concentration (300 mM NaCl), while in the other three populations this effect was already noticeable at 150 mM NaCl (Figure 1(A1) ). Under the effect of 150 mM NaCl treatment, the leaf fresh weight of populations 1 (Mog.), 3 (Serp.), and 4 (Ref. PL) was reduced to less than 50% of their respective controls, and to 35-20% in the presence of 300 mM NaCl. In contrast, in the plants of population 2 (Ref. ES), leaf fresh mass was not affected by the salt treatment at 300 mM NaCl, but a small decrease was observed at 150 mM (Figure 1(B1) ). Regarding water content in leaves, salt stress caused a significant dehydration in all studied populations, although no differences were observed between the 150 and 300 mM NaCl treatments in populations 1 (Mog.), 3 (Serp.), and 4 (Ref. PL) (Figure 1(C1) ). The highest WC% decrease (7%) was noted in population 3 (Serp.) (Figure 1(C1) ). Here again, population 2 (Ref. ES) showed a smaller reduction of mean water contents in response to salt at both tested NaCl concentrations (Figure 1(C1) ). Taken together, these data suggest that Ref. ES was the population most tolerant to salt stress (under the tested experimental conditions), partly due to a higher relative tolerance to salinity-induced leaf dehydration. 
Ion Content in Leaves
Na + content in leaves increased in parallel to increasing external salinity in three populations: 1 (Mog.), 3 (Serp.), and 4 (Ref. PL), reaching concentrations of 545, 645, and 765 µmol g -1 DW, respectively, in the presence of 300 mM NaCl (Figure 2(A1) ). In population 2 (Ref. ES), Na + concentration amounted to about 400-450 µmol -1 DW both in control and salt-stressed plants, Under drought, stem reduction occurred only in plants of populations 1 (Mog.) and 3 (Serp.) (26% and 22%, respectively), whereas no significant differences with the controls were observed in plants of populations 2 and 4 ( Figure 1(A2) ). Significant reductions of leaf fresh weight were detected in all studied populations (55%, 23%, 73%, and 60%, respectively) ( Figure (1B2) ). The drought conditions used in the experiment did not result in a significant dehydration of the leaves, since their water content percentage remained unchanged in the plants of all four studied populations (Figure 1(C2) ). Therefore, although the differences between populations were smaller than those observed in the case of salt stress, Ref. ES also seemed to be the most tolerant to water stress.
Na + content in leaves increased in parallel to increasing external salinity in three populations: 1 (Mog. It is worth mentioning the high leaf concentrations of Na + (between ca. 300 and more than 400 µmol g −1 DW) and K + (800-1100 µmol g −1 DW, approximately) measured in control, nonstressed plants of the four populations ( Figure 2 ).
Photosynthetic Pigments
As expected, the applied salt stress caused, in most cases, the degradation of chlorophylls a and b, although the reduction in relation to the control was statistically significant only in the plants of population 3 (Serp.), amounting to 57% chl b. In contrast, an increase in chlorophyll content was observed in stressed plants of population 1 (Mog.) ( Figure 3 (A1),(B1)). Regarding carotenoid levels, no clear pattern of salt-induced changes was detected in the different S. vulgaris genotypes: The plants of population 1 showed an increase at both salt concentrations tested and no significant variations were observed in those of population 2 and 3, whereas a significant decline in Caro leaf concentrations was noted in plants of population 4 treated with 150 mM NaCl, but not in the presence of 300 mM NaCl (Figure 3(C1) ). Leaf concentration of (A) sodium (Na + ), (B) chloride (Cl -), (C) potassium (K + ), and (D) K + /Na + ratios in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Figure 2.
Leaf concentration of (A) sodium (Na + ), (B) chloride (Cl − ), (C) potassium (K + ), and (D) K + /Na + ratios in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Drought caused a significant increase in the content of chlorophylls a and b in the leaves of populations 1 (Mog.) and 4 (Ref. PL), whereas only chl. a increased in plants of population 3 (Serp.) in response to the stress treatment, and no changes were recorded in population 2 (Ref. ES) (Figure 3(A2) ,(B2)). Total carotenoid levels increased significantly in population 1 (Mog.) under water stress conditions, but did not vary in the remaining three populations (Figure 3(C2) ). Figure. 3 Leaf concentrations of (A) chlorophyll a, (B) chlorophyll b, and (C) total carotenoids in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Lipid Peroxidation and Non-enzymatic Antioxidants
Malondialdehyde (MDA), a product of membrane lipid peroxidation and a reliable biomarker of oxidative stress, increased significantly, by about 30% over the nonstressed controls, only in plants of population 3 (Serp.) and only in the 300 mM NaCl treatment: In the other three S. vulgaris populations, MDA concentrations did not vary in response to increasing external salinity, except for a small (but significant) decrease in (Figure 4(C1) ).
In the water stress treatment, MDA leaf contents decreased by ca. seven-fold, compared to the corresponding control, in plants of population 4 (Ref. PL), and did not change significantly in the Leaf concentrations of (A) chlorophyll a, (B) chlorophyll b, and (C) total carotenoids in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Lipid Peroxidation and Non-Enzymatic Antioxidants
Malondialdehyde (MDA), a product of membrane lipid peroxidation and a reliable biomarker of oxidative stress, increased significantly, by about 30% over the nonstressed controls, only in plants of population 3 (Serp.) and only in the 300 mM NaCl treatment: In the other three S. vulgaris populations, MDA concentrations did not vary in response to increasing external salinity, except for a small (Figure 4(C1) ).
In the water stress treatment, MDA leaf contents decreased by ca. seven-fold, compared to the corresponding control, in plants of population 4 (Ref. PL), and did not change significantly in the remaining three populations (Figure 4(A2) ). TPC leaf contents increased significantly only in treated plants of population 1 (Mog.), while drought did not affect TPC levels of plants of the other three populations (Figure 4(B2) ). Regarding total flavonoid (TF) leaf contents, the general pattern of variation was similar to that of MDA: A significant drought-induced decrease, of about 2.5-fold, was detected only in plants of population 4 (Ref. PL) (Figure 4(C2) ). (Figure 4(C2) ).
Figure. 4 Leaf concentration of (A) malondialdehyde (MDA), (B) total phenolic compounds (TPCs), and (C) total flavonoids (TFs) in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Osmolytes
Proline (Pro) is a ubiquitous osmolyte known to accumulate in the leaves of most plants affected by biotic and abiotic stresses, and the four studied S. vulgaris populations were no exception. In the presence of 300 mM NaCl, a significant increase in Pro content was detected in populations 1 (Mog.), 2 (Ref. ES), and 3 (Serp.), reaching 5, 1.5, and 8-fold higher values, respectively, than the corresponding controls ( Figure 5A1 ). In contrast, plants of population 4 (Ref. PL) did not accumulate Pro in response to the salt treatments ( Figure 5(A1) ). The accumulation of total soluble sugars (TSSes) was enhanced in the leaves of the salt-stressed plants of all studied populations. The highest relative (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Proline (Pro) is a ubiquitous osmolyte known to accumulate in the leaves of most plants affected by biotic and abiotic stresses, and the four studied S. vulgaris populations were no exception. In the presence of 300 mM NaCl, a significant increase in Pro content was detected in populations 1 (Mog.), 2 (Ref. ES), and 3 (Serp.), reaching 5, 1.5, and 8-fold higher values, respectively, than the corresponding controls ( Figure 5A1 (Figure 5(B2) ).
Figure. 5
Leaf concentration of (A) proline (Pro) and (B) total soluble sugars (TSSes) in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
Correlations between Growth and Biochemical Parameters in S. vulgaris Populations under Salinity and Drought Stress
To further analyze the results obtained in each set of experiments, correlations between all variables measured in the plants were determined (independently for the salt and water stress treatments) by performing a canonical variate analysis (CVA) and principal component analyses (PCAs).
The CVA was carried out to determine the strength of relationships among biochemical stress markers of the studied populations. In the CVA, sets of variables (biochemical and physiological traits) were combined to produce the highest correlation between populations. The CVA enabled the isolation of groups and revealed that all populations were discriminated (varied within features) ( Figure 6A,B) . A convex hull indicated the statistically significant positions of particular populations (MANOVA test, p <0.05, F = 2.43).
(A) Figure 5 . Leaf concentration of (A) proline (Pro) and (B) total soluble sugars (TSSes) in the four S. vulgaris populations after (1) five weeks of salt treatments with the indicated NaCl concentrations and (2) five weeks of drought treatment (mean ± SD, n = 6). For each population, different lowercase letters indicate significant differences between treatments, and different capital letters indicate significant differences between populations undergoing the same treatment, according to Tukey's test (α = 0.05).
The CVA was carried out to determine the strength of relationships among biochemical stress markers of the studied populations. In the CVA, sets of variables (biochemical and physiological traits) were combined to produce the highest correlation between populations. The CVA enabled the isolation of groups and revealed that all populations were discriminated (varied within features) ( Figure 6A The PCA corresponding to the salt stress treatments showed that two components had an eigenvalue equal to or greater than 1 and explained approximately a 62% cumulative percentage of variance. The first component (x axis), which explained 43.43% of variance, was clearly determined by the content of sodium and chloride ions in the leaves. The vectors of the biomarker variables shows very small angles with the x axis, indicating a highly correlation with salinity, either positive (for those variables increasing in parallel with increasing Na+ and Cl -concentrations (proline and total soluble sugars)) or negative for stem length, relative fresh weight, and relative water content (in agreement with the salt-induced inhibition of growth and leaf dehydration). The second component (y axis), which explained another 18.3% of variance, was related to the content of photosynthetic pigments. As expected, the levels of photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids) were positively correlated with each other, with the corresponding vectors close to the positive part of the y axis, but negatively correlated with MDA concentration ( Figure 7A ). The PCA corresponding to the salt stress treatments showed that two components had an eigenvalue equal to or greater than 1 and explained approximately a 62% cumulative percentage of variance. The first component (x axis), which explained 43.43% of variance, was clearly determined by the content of sodium and chloride ions in the leaves. The vectors of the biomarker variables shows very small angles with the x axis, indicating a highly correlation with salinity, either positive (for those variables increasing in parallel with increasing Na+ and Cl − concentrations (proline and total soluble sugars)) or negative for stem length, relative fresh weight, and relative water content (in agreement with the salt-induced inhibition of growth and leaf dehydration). The second component (y axis), which explained another 18.3% of variance, was related to the content of photosynthetic pigments. As expected, the levels of photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids) were positively correlated with each other, with the corresponding vectors close to the positive part of the y axis, but negatively correlated with MDA concentration ( Figure 7A ). In the PCA analysis for the drought treatments, two components explained almost 53% of the total variance. A positive correlation between the K + /Na + ratio and MDA content was determined. The contents of chlorophyll a, carotenoids, TPC, osmolytes (TSS and proline), and Na + were negative related to each other ( Figure 7B ).
Additionally, a regression analysis was performed to check the relationship between the stress treatments and the biochemical stress markers measured in the plants (Table 2) . For drought stress, the highest coefficients of determination (R 2 > 0.9) were calculated for MDA and total flavonoid content. The best-fitting model was detected in population 3 (Serp.) for salinity (Table 2a) (Table 2b) . Cl were favorably linked for populations subjected to salt stress. K/Na, TF, and K revealed refusal relations. (B) MDA and K/Na were strongly related to populations exposed to water stress.
In the PCA analysis for the drought treatments, two components explained almost 53% of the total variance. A positive correlation between the K + /Na + ratio and MDA content was determined. The contents of chlorophyll a, carotenoids, TPC, osmolytes (TSS and proline), and Na + were negative related to each other ( Figure 7B ).
Additionally, a regression analysis was performed to check the relationship between the stress treatments and the biochemical stress markers measured in the plants (Table 2) . For drought stress, the highest coefficients of determination (R 2 > 0.9) were calculated for MDA and total flavonoid content. The best-fitting model was detected in population 3 (Serp.) for salinity (Table 2a ) and in population 4 (Ref. PL) for drought (Table 2b) . Table 2 . Coefficients of determination (R 2 ), established by multiple regression between the measured biochemical parameters in all studied populations at the end of the (a) salt treatments and (b) water stress treatment. 
Discussion
Plant adaptation or tolerance to drought and salinity involves complex physiological traits, metabolic pathways, and molecular networks. Physiological and biochemical responses are based on a series of conserved mechanisms, such as the control of ion transport, protection of the photosynthetic machinery, maintenance of cellular osmotic balance, and activation of antioxidant systems [12, [59] [60] [61] .
Many studies have reported that plant tolerance to salt and water stress may vary among different genotypes within the same species [62, 63] . In this study, we analyzed intraspecific responses of different S. vulgaris populations adapted to grow in distinct environmental conditions. Particular individuals were therefore expected to represent different levels of tolerance to salinity and water stress. Investigations of intraspecific variation to salinity and drought stress provided an opportunity to better understand species-specific mechanisms of stress responses [11] , including the relative importance and variation of biochemical and physiological adaptations within species.
Contrasting genotypes of different species have been used to characterize their response to abiotic stresses such as salinity and drought at the transcriptional [64, 65] , proteomic [66, 67] , or metabolomic [68, 69] levels, but without a clear explanation of the reasons for selecting such genotypes. In our studies, we selected the populations based on ecological diversity: They originated from habitats with different characteristics. The first and ubiquitous response of plants under environmental stress is inhibition of growth, best quantified by the relative reduction of the dry weight and water content of the plant aerial part, compared to the nonstressed plants. Growth inhibition is also a consequence of activation of defense mechanisms by plants [11, 12, 70, 71] . According to the relative degree of stress-induced growth inhibition, the Spanish reference population (2, Ref. ES) proved to be the most salt-and drought-tolerant, whereas population 3 (Serp.) from Poland appeared to be the most sensitive: The other two populations exhibited intermediate degrees of tolerance to both stresses. The concept of ecotype refers to populations of a particular species that are evolutionally adapted to specific natural habitats [72] , but in some extreme environmental conditions, such as salt and drought stress applied at the same time, the reaction of a given genotype may be different from the expected one because of population fitness flexibility [73] . This may be the possible explanation for the ascertained low level of tolerance in the serpentine population under both drought and salt stress conditions. Growth parameters are reliable indicators to evaluate the effect of stress on plants, but they can be complemented with suitable biochemical stress markers, which include a large array of compounds that can be easily identified and quantified in plant material, using simple, sensitive, and nondestructive methods [31, [74] [75] [76] . Furthermore, correlation of specific stress marker levels with the relative tolerance of the selected populations provides information on the tolerance mechanisms.
One of the salt tolerance strategies in plants is the control of ion transport to photosynthetic tissues. Glycophytes usually block the transport of toxic Na + and Cl − ions to aboveground organs [77] [78] [79] [80] . We can assume that such a response also takes place in the studied S. vulgaris genotypes, although our experiments did not allow for defining where this blockage takes place, during ion uptake at the root level or during ion transport from roots to stems and leaves. Plants representing three of the four studied populations accumulated substantial amounts of sodium ions in the leaves in response to increasing NaCl concentrations, with the highest relative increase observed in the most sensitive genotype (population 3, Serp.): The most tolerant population 2 (Ref. ES), however, was able to maintain the same sodium concentration in the leaves irrespective of the external salinity. Although in many studies, salt stress responses and tolerance mechanisms have been investigated with a focus on Na + toxicity and accumulation [81] , Cl − ions similarly interfere with metabolic processes, in particular in photosynthetic tissues [82] . In our work, the highest Cl − levels occurred in salt-sensitive populations 3 (Serp.) and 4 (Ref. PL). In contrast, Cl − concentration was the lowest in the leaves of the two studied Spanish populations, 1 (Mog.) and 2 (Ref. ES). This negative correlation between ionic accumulation in the leaves of stressed plants and tolerance indicates that the inhibition of sodium and chloride transport to the leaves was indeed relevant for salt tolerance in S. vulgaris. This was in agreement with our previous reports on salt tolerance in different species of the Silene genus [49] . Consequently, the joint statistical analysis by PCA of the "ion contents" variables showed highly significant correlations with the salt treatments (in leaves), positive for Na + and Cl − (which increased with increasing salinity) and negative for growth parameters. In any case, it is clear that Na+ and Cl-should not reach toxic concentrations in the cytosol and must be predominantly sequestered into the vacuole, according to the generally accepted "ion compartmentalization hypothesis" [83, 84] .
Although plant salt tolerance through blocking toxic ions transport and their accumulation is well characterized, the importance of Na + exclusion and vacuolar Na + sequestration, as well as the molecular regulation of Na + transporters/channels in response to salt stress, should be investigated in future research. Increases in Na + levels in plants are usually associated with a decrease in K + levels. These two cations compete for the same binding sites, and Na + inhibits K + uptake into the cell by occupying its protein membrane transport channels. In addition, Na + uptake induces depolarization of the plasma membrane, causing the activation of outward K + channels and, as a consequence, the loss of cellular K + [79, 85] . Unexpectedly, in our study we did not observe changes in the K + level between untreated and salt-treated plants in three of the four studied populations. The exception was population 4 (Ref. PL), where the content of K + dropped when plants were treated with a 300-mM NaCl concentration. In fact, we have previously reported on such a reaction to high salinity in S. vulgaris [49] .
Ion homeostasis was less affected in S. vulgaris plants subjected to drought stress than under salt stress. Chloride contents increased significantly in population 1 (Mog.) under drought treatment, while in the plants of the three other studied populations, Cl − increase was not statistically significant. The increase in chloride ions can be explained as an adaptive response of the plants to drought stress because this nutrient is important for osmoregulation and charge balance. The overall chloride concentration in the whole plant is insufficient to be an effective osmoregulator [86, 87] . Potassium content increased only in drought-stressed plants of the most tolerant population 2 (Ref. ES). These results could be explained by assuming that K + transport to the leaves contributes to drought tolerance in S. vulgaris. Numerous reports have confirmed that maintaining adequate plant K + is critical for plant drought tolerance [88, 89] . Additionally, a close relationship between K + nutritional status and plant drought tolerance has been demonstrated by Wang et al. [90] . In any case, the high concentrations of Na + and K + measured in the leaves of control, nonstressed plants of the four selected populations point to the presence in S. vulgaris of constitutive mechanisms of defense against drought and salinity, which could partly explain its higher tolerance to these stresses compared to most major crops.
A decrease in chlorophylls is a frequent response of plants to salinity and drought. Several comparative analyses of genetically related taxa have shown that the degradation of photosynthetic pigments usually correlates negatively with their relative degree of tolerance [91] [92] [93] . Accordingly, in this study, degradation of chlorophylls under salt stress occurred only in the least tolerant population 3 (Serp.). Drought stress caused an increase in chlorophylls in all studied populations, which we explain as a defense reaction against oxidative stress caused by drought. Chlorophylls are located in chloroplasts, where reactive oxygen species (ROS) production can be accelerated under drought conditions, and some previous studies have also reported an increase in chlorophyll level under water stress [94] . It has also been shown that concentration of chlorophyll a is higher when compared to chlorophyll b in drought-stressed plants, which was confirmed in the present work. Carotenoids are pigments with several functions in plants: Besides their direct role in photosynthesis, they are antioxidant compounds involved in oxidative stress defense [52] . Maintaining constant carotenoid levels in the presence of salt, as observed in the most tolerant population (Ref. ES), may be considered to be a strategy to counteract the oxidative stress caused by salinity.
Abiotic stresses, including drought and salinity, generally cause oxidative stress. Among symptoms of oxidative damage is the degradation of cell membranes, and MDA, which is a product of membrane lipid peroxidation, is considered to be a reliable marker of oxidative stress [95] . In S. vulgaris, an increase in MDA concentration under salinity occurred only in the less tolerant population 3 (Serp.), indicating that this population was affected by salt-induced oxidative stress. In stressed plants of the other three studied populations, membrane lipid peroxidation showed no significant change from its control levels, irrespective of the applied salt concentration. Interestingly, MDA levels did not increase in drought-treated plants, and even recorded a decline in population 4 (Ref. PL). Therefore, we can assume that the investigated populations were not significantly affected by oxidative stress under the drought conditions used in our experiments, as they probably possess active defense mechanisms to avoid the generation of reactive oxygen species (ROS).
Plants use a number of enzymatic and non-enzymatic antioxidants to prevent oxidative damage and keep ROS concentrations within a narrow functional range [96] . Phenolic compounds and total flavonoids, belonging to non-enzymatic antioxidants, fulfill various functions in plants. As structural components of cell walls they participate in the regulation of growth and developmental processes as well as in defense mechanisms against biotic and abiotic stress due to their strong antioxidant character and ROS scavenging activity [96, 97] . Flavonoids represent the main group of polyphenols, with a wide array of biological roles, including lipid peroxidation inhibition [97] [98] [99] . Salt-induced increases in antioxidant phenolic levels have been reported in different plant species [100, 101] . In S. vulgaris, a significant increase in total phenolic compounds was observed only in populations 1 (Mog) and 3 (Serp.), and an increase in antioxidant flavonoids was only detected in population 2 (Ref. ES) as a response to salt stress. The lack of clear results was probably related to other functions of these compounds that masked their possible participation as antioxidants in stress defense mechanisms. In any case, concerning the aim of this study, it is important to point out the lack of correlation of total phenolic compound contents with the salt stress applied to the S. vulgaris populations, thus excluding the use of these compounds as salt stress biochemical indicators in this species.
The accumulation of Na + in the vacuole, to avoid its toxic effects in the cytosol, requires the synthesis and accumulation of organic solutes for osmotic adjustment [102] . Accumulation in the cytosol of various osmolytes, including sugars, sugar alcohols, and amino acids and their derivatives (such as proline and glycine betaine) is a common response to osmotic stress accompanying numerous abiotic stressors [103] [104] [105] . It has been repeatedly reported that accumulation of Pro in response to the same stress treatment is strongly dependent on plant genotype. Some authors have reported that more tolerant taxa accumulate higher Pro levels than related sensitive taxa under the same conditions [106] [107] [108] , whereas in other studies a negative correlation or no correlation at all was found between Pro levels and the relative degree of tolerance of the investigated taxa [109, 110] . The latter seems to be the case in S. vulgaris populations, where salt-induced changes in Pro contents could not be clearly correlated with their relative degree of tolerance. In the case of the water stress treatments, the plants of two populations even showed a significant reduction of Pro levels under drought conditions. More importantly, the absolute Pro concentrations were in all cases too low to have any significant osmotic effect on the plants. Thus, Pro did not seem to be directly involved in the mechanisms of stress tolerance in S. vulgaris and cannot be considered to be a reliable stress marker in this species. The accumulation of soluble sugars has also been observed in many plant species exposed to salt or drought, and these compounds may play a pivotal role in osmotic adjustment [88, 111, 112] . The results of the present study indicated that all investigated populations accumulated TSSes in response to salt stress: However, the highest TSS level was measured in the less salt tolerant population, whereas the smallest relative increase over control values was observed in the most tolerant. Therefore, it seems logical to assume that accumulation of TSS is activated as a response to salt stress in S. vulgaris, but it does not contribute to salt tolerance in this species. An increase in TSS content under water stress conditions was noted only in the two Spanish S. vulgaris populations, reaching higher absolute values in the most tolerant (2, Ref. ES), which may indicate the activation of specific defense mechanisms against drought in these populations. The accumulation of soluble sugars in drought-stressed plants appears to be controlled by several mechanisms affecting sugar formation and transfer in the leaves [113] .
To summarize, salt and drought tolerance mechanisms in S. vulgaris seem to depend mainly on the accumulation in leaves of relatively high Na + concentrations-probably stored mostly in the vacuoles, without reaching toxic levels in the cytoplasm-as well as very high K + concentrations: Both inorganic cations should contribute significantly to cellular osmotic balance under stress. These mechanisms appear to be constitutive, since these ions were present at high concentrations also in the leaves of nonstressed plants. The accumulation of high leaf Na + concentrations under low soil salinity conditions has been described for several halophytes, both in field [54] and greenhouse [111] experiments, and also (to a lesser extent) in typical glycophytes, such as some Phaseolus cultivars [20] . In S. vulgaris, specific mechanisms of tolerance to salinity seem to be based on the inhibition of additional transportation of toxic ions to the aerial parts of the plants, whereas accumulation of soluble sugars may contribute to tolerance to drought.
Considering its higher tolerance to salinity and drought compared to other major crops, S. vulgaris represents a promising candidate, as a "minor" vegetable cash crop, for sustainable "saline" and "arid" agriculture. The plant could be cultivated in marginal or salinized land with limited irrigation or using low-quality, saline water for irrigation: In this way, it would not compete with conventional crops for increasingly scarce resources such as fertile land and high-quality irrigation water. 
